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Unambiguous evidence for the microscopic coexistence of ferromagnetism and superconduc- 
tivity in UCoGe (Tcurie ~ 2.5 K and Tsc ~ 0.6 K) is reported from ^^Co nuclear quadrupole 
resonance (NQR). The ^^Co-NQR signal below 1 K indicates ferromagnetism throughout the 
sample volume, while nuclear spin-lattice relaxation rate 1/Ti in the ferromagnetic (FM) phase 
decreases below Tsc due to the opening of the superconducting(SC) gap. The SC state was 
found to be inhomogeneous, suggestive of a self-induced vortex state, potentially realizable in 
a FM superconductor. In addition, the ^®Co-NQR spectrum around Tcurie show that the FM 
transition in UCoGe possesses a first-order character, which is consistent with the theoreti- 
cal prediction that the low-temperature FM transition in itinerant magnets is generically of 
first-order. 
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After the discovery of superconductivity in UGe2 
under pressure,'^ the coexistence of superconductivity 
and ferromagnetism becomes one of the major topics 
in condensed-matter physics. This is because ferromag- 
netism and spin-singlet superconductivity are thought 
to be mutually exclusive.^' ^ In the presence of a large 
splitting between the majority and minority spin Fermi 
surfaces, as in a ferromagnetic (FM) state, more-exotic 
spin-triplet superconductivity is allowed, in which paral- 
lel spins pair within each spin Fermi surface. While FM 
superconductors such as Ulr* and URhGe^ has recently 
been demonstrated to occur experimentally, proof that 
the same charge carriers participate simultaneously in 
both phenomena has remained elusive. 

In 2007, new ambient-pressure ferromagnetic (FM) 
superconductor UCoGe was discovered by Huy et al.^ 
UCoGe is a weak ferromagnet with Tc^Tic = 3 K and the 
ordered moments fis = O.OSyUB, and shows superconduc- 
tivity at the transition temperature Tsc = 0.8 K,^ high- 
est within FM superconductors. In order to investigate 
the correlation between ferromagnetism and supercon- 
ductivity, nuclear quadrupole resonance (NQR) measure- 
ments are ideally suited, since they provide microscopic 
information about the electronic and magnetic proper- 
ties without applying external fields. In a magnetically 
ordered state, the NQR signal splits or shifts due to inter- 
nal fields at the nuclear site, and the nuclear spin-lattice 
relaxation rate 1/Ti provides site-selective information 
about the density of states at the Fermi level and thus 
about the superconducting (SC) gap structure. UCoGe 
is a FM superconductor suitable for NQR measurements, 
since it contains an NQR-active element of ^^Co. 
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In the previous letter, we reported ^^Co-NQR studies 
in a polycrystalline UCoGe with Tcuric = 2.5 K and the 
SC onset temperature T^^"""* = 0.7 K." We found in- 
homogeneous ferromagnetism below Tcuric in the poly- 
crystalline sample, from the observation of the FM and 
nonmagnetic NQR spectra at lowest temperature. In ad- 
dition, the SC anomaly was observed in 1/Ti measured 
in both NQR spectra, suggesting that superconductiv- 
ity exists both in the FM and paramagnetic (PM) state. 
However, to investigate intrinsic nature of UCoGe. ^^Co- 
NQR studies on a high-quality single crystal arc highly 
desired. 

Another interest in UCoGe is its FM transition. The 
thermal FM transition at Tcurie in zero field is an well- 
known example of second-order phase transition. How- 
ever, Belitz et al. theoretically suggested that the suffi- 
ciently low-temperature phase transition in itinerant fer- 
romagnetism is generically of the first order. ^ Experi- 
mental results supporting this have been reported in a 
few ferromagnets.^'* In order to investigate the nature of 
the quantum FM transition occurring at T = 0, UCoGc 
is one of the best fcrromagncts, since Tcurio of UCoGe is 
as low as 2.5 K. 

For the above purposes, we have performed ^^Co-NQR 
measurements on two samples: one is the polycrystalline 
sample reported in literature^^ and the other is a 55 
mg single crystal with 1.65 x 1.65 x 1.89 mm'^ dimen- 
sion, grown by the Czochralski method in a tetra-arc fur- 
nace. The sample preparation and characterization will 
be published elsewhere. ^'^ The residual resistivity ratio 
along the a axis for the single-crystal samples is 20. The 
FM transition temperature Tcuric of the single-crystal 
sample was evaluated to be 2.45 ± 0.1 K from the Ar- 
rot plots shown in Fig. 1 (a), where magnetization (A/) 
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was measured in fields (H) parallel to the c axis. Ising- 
typc anisotropic behavior was observed with the easy 
axis along c. The magnitude of niQ was determined to be 
0.07 ^b/Co by extraporating at T = 0. The ac suscep- 
tibility, shown in Fig.l (b), exhibits onset and midpoint 
SC transition temperatures, 0.70 and 0.57 K respectively 
in the single-crystal sample. The FM and SC properties 
of our single crystal are in good agreement with those 
obtained by Huy et al^^ and D. Aoki et al}^ 




Fig. 1. (Color online)(a) Arrot plots of magnetization isotherms 
measured in fields _ff || c at temperatures from 2.1 to 2.7 K. 
(b) Temperature dependence of the ac susceptibility Xac in zero 
field. Inset: Crystal structure of UCoGe (orthorhombic TiNiSi 
structure), drawn in Vesta. 

Figure 2 (a) shows the ^^Co-NQR (/ = 7/2) spec- 
trum observed at 4.2 K in the PM state of the poly- 
crystalline sample, exhibiting three peaks from the m = 
±1/2 ^ ±3/2(i/i), ±3/2 ^ ±5/2(1/2), and ±5/2 <-> 
±7/2(2^3) transitions. From the resonance peaks, the 
NQR frequency of the principal-axis component of the 
electric field gradient (EFG), \vzz\, is evaluated to be 
2.85 MHz, and the asymmetric parameter 77 defined as 
{vxx — Vyy) / Vzz is 0.52. Tfic direction of the principal axis 
of the EFG is calculated to be tilted by 10° from the a 
axis in the ac plane. The EFG principal axis is parallel 
to the zig-zag chain consisting of the U atoms. In the 
FM state of the polycrystalline sample, the complicated 
^^Co-NQR spectrum shown in Fig. 2 (b) was observed 
at 95 mK. We found signals around 4 and 7 MHz, which 
could not be observed previously. When the nuclear 
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Fig. 2. (color online) ^^Co-NQR spectra in the polycrystalline 
sample obtained (a) at 4.2 K in the PM state and (b) at 95mK 
in the FM state. The arrows in the FM state are the calculated 
resonance frequencies (sec text) 

spin experiences an internal field /?int, the Zeeman term 
Hz = -lifil ■ Hint = -jnfiHint{IzCos9 + IxSm9) is 
added in the electric-quadrupole interaction, where is 
the Co nuclear gyromagnetic ratio, the z component of 
/ is along the EFG principal axis, 6 is the angle between 
the EFG principal axis and iJint, which is in the ac plane 
for the crystallographical symmetry. The NQR spectrum 
shown in Fig. 2 (b) is consistently understood by the su- 
perposition of the PM NQR spectra without i?int and 
the FM NQR spectra with (i?int,6') = (910 Oe, 80°). 
The internal-field direction from the ordered U moments 
is tilted by 80° from the the EFG principal axis in the ac 
plane, which makes the U ordered moments consistent 
with the c-axis Ising anisotropy observed. 

In the single-crystal UCoGe, although three NQR sig- 
nals were observed in the PM state, we could not observe 
signals associated with j^i and in the FM state. The 
undetection of i^i and 1/2 signals would be due to a weak 
signal/noise ratio and/or short T2 effect. In the follow- 
ing, focusing on the NQR signal around 8.3 MHz (1^3), we 
discuss the character of a FM transition in UCoGe and 
differences between the polycrystalline and single-crystal 
samples. Figure 3 (a) shows the temperature variation of 
the spectrum in the single-crystal sample. The full width 
at half maximum (FWHM) of the 8.3 MHz peak is 70 
kHz at 4.2 K, half that observed in the polycrystalline 
sample, indicating the single-crystal sample has a more 
homogeneous EFG and higher quality. With decreasing 
temperature, the intensity of the 8.3 MHz NQR signal 
arising from the PM region decreases below ~ 3.7 K 
while the 8.1 MHz signal originating from the FM re- 
gion appears below 2.7 K. The two NQR signals coexist 
between 1 and 2.7 K, but the PM signal disappears below 
0.9 K. This is in contrast with the temperature variation 
in the polycrystalline sample, where the PM ^^Co-NQR 
signal remained even at T = 95 mK shown in Fig. 3 (b). 
The narrow temperature range of the coexistence in the 
single-crystal sample is likely indicative of better sample 
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Fig. 3. (a) Temperature dependence of the NQR spectrum from 
the ±5/2 ^ ±7/2 transitions (^3) in the single-crystal sample. 
The blue (red) broken lines represent Gaussian fits to the PM 
(FM) peaks; the solid lines are guides to the eye. (b) NQR spec- 
trum of the I'a transition in the polycrystalline sample at 95 mK. 



quality. We stress that the single-crystal UCoGe is in the 
homogeneous FM state throughout the sample below 1 
K from the absence of the PM signal. 

Notably, the temperature dependence of the NQR 
spectrum in UCoGe through Tcurio is quite different from 
that observed in a second-order transition. For exam- 
ple, in the antiferromagnet CeRhlns (Neel temperature 
Tat - 3.8 K), the ±5/2 ^ ±7/2 transition in "^In-NQR 
(/ ~ 9/2) shifts continuously to lower frequencies be- 
low Tjv, indicating the continuous development of the 
ordered moment.^"' It is also noteworthy that the reso- 
nance frequency of the FM phase is nearly temperature 
independent, indicating that the internal field remains 
constant below Tcuric- These are in agreement with the 
theoretical prediction that low-temperature itinerant FM 
transitions are generically of a first order.'' 

The temperature dependence of l/Ti at 8.3 and 8.1 
MHz provides information about spin dynamics related 
to the U moments in the normal state and SC prop- 
erties below Tsc- Figures 4 show the recovery curves 
= 1 — m(t)/m(c!o) of the nuclear magnetization m(t) 
measured on the single-crystal sample at 4.2, 0.75, and 
0.14 K. Here, m(t) is the nuclear magnetization at a time 
t after a saturation pulse. The R(t) data measured at the 
PM 8.3 MHz signal at 4.2 K can be fit consistently by 
the theoretical function for / = 7/2 with a single T\ 
component. ■'1'^ Below 2.3 K, l/Ti was measured at the 
FM 8.1 MHz 5^Co-NQR peak and is still described by a 
single component down to Tsc- Below Tgc, slower relax- 
ation component was observed in -R(t) and this tendency 
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Fig. 4. (Color online) Recovery curves R{t) of the nuclear magne- 
tization m(i) at time t after a saturation pulse with the fits used 
to evaluate 1/Ti.''^^ Two relaxation components were clearly 
observed below Tgc in the single-crystal sample. 
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Fig. 5. (Color online) Temperature dependence of ^^Co 1/Ti in 
the single-crystal sample, along with l/Ti in the polycrystal be- 
tween 10 and 150 K. l/Ti was measured at the PM (8.3 MHz) 
frequency above 2.3 K, shown by closed blue (green) circles for 
the single-crystal (polycrystalline) sample. Below 2.3 K, 1/Ti 
was measured at the FM (8.1 MHz) frequency. Two 1/Ti com- 
ponents were observed in the SC state, the faster (slower) com- 
ponent denoted by red open (closed) squares; the red broken 
curve below Tgc represents the temperature dependence calcu- 
lated assuming line-node gap and Ao/kgTgc = 2.3. 
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is more pronounced as temperature is lowered. R{t) in 
the SC state possesses nearly equal amount of the fast 
and slow components, and thus the fast (slow) relaxation 
rate l/Ti was determined by fitting the recovery curve 
of 0.5 < R{t) < 1(0.01 < R{t) < 0.5) region, as shown in 
Fig. 4 (c) 

Figure 5 shows the temperature dependence of l/Ti 
in the single-crystal UCoGe down to 70 mK, together 
with the polycrystallinc results between 10 and 150 K. 
The I/Tis in the single-crystal and polycrystallinc sam- 
ples agree well between 10 and 60 K, remaining nearly 
constant down to T* ~ 40 K and gradually decreasing 
below T* . Since the magnetic susceptibility x deviates 
from the Curie- Weiss behavior and the electrical resis- 
tivity along the c axis shows metallic behavior below 
about rp* jg regarded as the characteristic temper- 

ature below which the U 5/ electrons become itinerant 
with relatively heavy electron mass. Below 10 K, 1/Ti 
increases to a remarkable peak at Tcuric 2.5 K due 
to the critical slowing down of U moments. Note that 
X = x{q = 0) also diverges, indicative of FM ordering 
in zero field. The strong divergence of 1/Ti implies that 
the FM transition in UCoGe would be weakly first order, 
since the critical fluctuations are not usually observed in 
a first-order transition. 

In the SC state, the fast component of l/Ti at the FM 
signal is roughly proportional to T, consistent with Ko- 
rringa behavior characteristic of metals, indicating that 
it originates from non-superconducting regions. In con- 
trast, the slow component at the FM signal decreases 
rapidly below Tsc, roughly as T^, suggestive of line 
nodes in a SC gap. The red broken line in Fig. 5 shows 
a fit using the line-node model A{9) = Aocos6' with 
Ao = 2.3kBTsc- The detection of the SC gap via the FM 
signal makes this strong unambiguous evidence for mi- 
croscopic coexistence. Although this is the second piece 
of evidence for microscopic coexistence of itinerant fer- 
romagnetism and superconductivity after '''^Ge-NQR in 
UGe2 under pressure, the present result on UCoGe is 
more unambiguous, since the ^^Co-NQR signals from the 
FM and FM states are well separated (see Fig. 3 (a)) and 
the NQR measurements were performed on a single crys- 
tal at ambient pressure. 

The results below Tsc provide some new insight on the 
nature of the superconductivity in UCoGc. From the re- 
laxation in the FM signal, nearly half of the sample's vol- 
ume remains non-superconducting even at 70 mK, while 
the sample is in a homogeneous FM state below Tcurio- 
Similar two-relaxation rate behavior was previously ob- 
served in the polycrystallinc sample. -'^^ Since the tem- 
perature where the second component emerges coincides 
with Tsc for both single-crystal and polycrystallinc sam- 
ples, the two-relaxation rate behavior would be intrinsic. 
One possibility is a nonunitary SC state, which is real- 
ized in the superfluid '^He-Ai under an external magnetic 
field. In such a SC state, although only up-spin pair is 
formed, the SC state is spatially homogeneous. The in- 
homogeneous SC state in UCoGe appears to be incom- 
patible with the homogeneous nonunitary SC state. Al- 
ternative interpretation of this behavior is a self-induced 
vortex (SIV) state. When superconductivity occurs in 



a FM state, it has been suggested that a SIV state in 
which vortices are generated spontaneously can be sta- 
ble for Hci < A-kM < Hc2- There, the regions near vortex 
cores, where the SC gap is largely suppressed would give 
rise to the fast component of 1/Ti. Our single-crystal re- 
sults suggest that the SC gap is inhomogeneous in a real 
space as in the polycrystallinc sample, which appears 
to be consistent with the SIV state. The recent obser- 
vation of a slight increase in the muon decay rate below 
Tsc might be related to the SIV state, since the SIV 
would produce a distribution of internal fields at the im- 
planted muon sitc.^^ The SIV state has been discussed 
theoretically, but has never been identified experimen- 
tally. UCoGe is a promising candidate in which the SIV 
state may be realized. 

In conclusion, ^^Co-NQR measurements on UCoGe 
show the first-order character of the FM transition, and 
the unambiguous evidence for the microscopic coexis- 
tence of ferromagnetism and superconductivity. The co- 
existence originates from the same U-5/ electrons, rul- 
ing out real-space phase separation. Although ferromag- 
netism exists homogeneously throughout the sample, 
UCoGe's superconductivity would be intrinsically inho- 
mogeneous, which might be interpreted in terms of a 
SIV state; further work, particularly low-temperature 
STM/STS measurements in zero field, will be important 
to detect the vortices produced by FM moments in the 
SC state. 
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